Abstract-We numerically study the dispersion-engineered chalcogenide photonic crystal fiber (PCF), which allows us to generate ultraflat broadband supercontinuum (SC) spectra in allnormal dispersion regime. A 1-cm-long chalcogenide hexagonal PCF made using Ge 11.5 As 24 Se 64.5 glass pumped at 1.55 µm produced an SC bandwidth 700 nm at a peak power of 1 kW. By shifting pump at 2 µm, SC spectra can be extended with a bandwidth of 1900 nm at the same peak power level. In both cases, nonuniform spectral power distribution observes over the entire output bandwidth owing to the lower dispersion slop on the long wavelength side of the dispersion curve. To spanning SC further in the mid-infrared as well as to reduce the spectral asymmetry, we optimize another design for pumping at 3.1 µm in such a way that the pump source can be employed vicinity to the peak of the dispersion curve. Employing the largest pump peak power up to 5 kW, SC can be extended up to 6 µm (1.5 octaves), and the power distribution among the spectral components over the entire SC bandwidth can be improved significantly by this design. To enhance the spectral flatness, we optimize a second PCF geometry by reducing its pitch length, and it is possible to obtain ultraflat coherent SC spanning from 2 to 5.5 µm (>1 octave) by this structure maintaining nearly symmetric power distribution between both side of its spectral components.
I. INTRODUCTION

P
HOTONIC crystal fibers (PCFs) are well studied and widely used optical waveguides for designing highbrightness broadband light source due to the design flexibility of their nonlinear and dispersive properties [1] . The supercontinuum (SC) light sources are designed using highly nonlinear PCF found widespread interest for the applications of frequency metrology, optical coherence tomography, telecommunication, bio-imaging, and spectroscopy [2] . The spectral broadening of SC generation relies on the interplay between various nonlinear effects and group velocity dispersion (GVD) of the optical waveguides [3] . To obtain enhanced spectral broadening, the GVD needs to be adjusted in such a way that the optical waveguide can be pumped in the anomalous dispersion regime close to the zero-dispersion wavelength (ZDW) [4] . The broadening mechanism in the case of short pump pulses mainly results from soliton dynamics and the breakup of the injected pulses through soliton fission is very sensitive to shot-to-shot input pump pulse to pulse intensity fluctuations [5] . These intensity fluctuations limit the signal-to-noise ratio in various applications including optical coherence tomography and frequency metrology [6] . The noise and amplitude fluctuation induced in spectral components can be reduced significantly by suppressing the soliton fission during SC evolution by using short waveguide design [7] . The suppression of soliton fission during pulse propagation can be achieved by obtaining the entire dispersion regime below the ZDW (GVD = 0 line) through GVD engineering of the PCF [8] . During all-normal dispersion pumping SC generation, the spectral broadening in a short waveguide is mainly dominated by self-phase modulation (SPM) and optical wave breaking (OWB) [9] . Optical waveguides optimized in allnormal dispersion enables obtaining SC spectrum with better pulse to pulse temporal coherence and spectral flatness over the entire output bandwidth but relatively narrower bandwidth is realized than anomalous dispersion regime [10] .
A number of theoretical and experimental investigations on coherent SC generation was reported with pumping the silica photonic crystal fibers (PCFs) in all-normal dispersion (ANDi) region by femtosecond lasers [6] , [8] , [10] - [12] . However, the transmission loss of silica glass beyond 2.2 μm limits the SC broadening in the MIR region. In recent years, chalcogenide (ChG) fibers have shown promising candidate for coherent broadband near-infrared to MIR SC generation due to their low phonon energy, higher Kerr nonlinearity and wide transparency [9] . Al-Kadry et al. [5] experimentally reported the broadband coherent MIR SC generation in allnormal dispersion using 3-mm-long As 2 S 3 ChG microwire spanning over an octave from 960 nm to 2500 nm pumping at a wavelength of 1.55 μm with a pulse energy of 150 pJ. Liu et al. [9] used 2-cm-long four-hole ChG microstructured fiber made using AsSe 2 glass material to generate broadband coherent MIR SC in all-normal GVD region extending up to 3.3 μm pumped with 200-fs pulse duration at a wavelength of 2.7 μm with a peak power of 5.2 kW. In this letter, we have demonstrated numerically a 1-cm-long dispersion-engineered highly nonlinear ChG conventional hexagonal PCF made from Ge 11.5 As 24 Se 64.5 glass can be used to generate broadband ultraflat coherent MIR SC generation up to 6 μm in all-normal dispersion employing pump at 3.1 μm with a largest peak power of 5 kW.
II. THEORY
The cross-section of our proposed ChG PCF is shown as an inset of Fig. 2 (a) made with Ge 11.5 As 24 Se 64.5 glass as a core and hexagonal lattice of air-holes running along the PCF length with central air-hole missing and consists of five rings of air-holes. We have tested the modal properties, such as effective indices, spot-size and power confinement over the wavelength for three to five rings of air holes. Modal properties almost similar, however, leakage loss shows higher for fewer rings as can be seen in Fig. 1 (c). For 3 rings of air-holes, loss increases sharply after 4 μm. The geometrical design parameter pitch ( ) and a relative hole size (d/ ) are chosen in the ranges = 1.6 − 2.0 μm and d/ = 0.4 − 0.45. We optimize our ChG PCF for pumping at three different wavelengths such as 1.55 μm, 2 μm and 3.1 μm separately by adjusting its and d to obtain all-normal dispersion profile with pump wavelength vicinity to the peak of the GVD curves. By using finite-element method (FEM) based full-vectorial mode solver, we calculate the mode propagation constant of the fundamental mode over a wide range of wavelengths. We use the mode propagation constant obtained by FEM solver to calculate the effective index (n eff ) of the fundamental mode. Figure 1 shows the field profiles of the fundamental mode of our proposed hexagonal PCF structure with = 1.6 μm, d/ = 0.45 at a wavelength of 1.55 μm (shown in Fig. 1a ) and = 2 μm, d/ = 0.4 at a wavelength of 3.1 μm (shown in Fig. 1b) . The spatial field profiles of the fundamental mode of ChG PCF in Fig. 1 at pump wavelengths exhibit excellent field confinement to the central core region which yields enhanced nonlinear interaction inside the waveguide. Utilizing the mode effective index obtained by FEM solver, the GVD parameters are calculated using the following dispersion equation [12] 
where c denotes the speed of light in the vacuum.
To study the formation of SC inside the optical waveguide, we model the pulse evolution for our proposed ChG PCF with all-normal dispersion by solving generalized nonlinear Schrödinger equation (GNLSE) [4] : where A(z,T) is the slowly varying complex electrical field envelop at a propagation distance z in a retarded reference time frame T = t −β 1 z moving at the group velocity 1/β 1 , the dispersion coefficients β m (m ≥ 2) is the second and higher-order dispersion terms associated with the Taylor series expansion of the propagation constant β(ω), α is the linear propagation loss of the ChG PCF and ω 0 is the pump frequency. The nonlinear coefficient is defined as γ = n 2 ω 0 /(c A eff ), where n 2 is the nonlinear refractive index, A eff is the effective area of the mode at the pump angular frequency, and α 2 is the two-photon absorption coefficient. The time derivative in the nonlinear operator includes the effects of self-steepening and optical shock formation, which are characterized on a time scale τ shock = 1/ω 0 . The material response function R(t) includes both the instantaneous Kerr response, δ(t), and the delayed Raman response, h R (t), expressed as
Here, the response of GeAsSe material has been predicted by considering f R = 0.148, τ 1 = 23-fs and τ 2 = 164.5-fs which are the Raman coefficients of single-peak Lorentz function fitted to As 2 Se 3 chalcogenide material [14] .
III. NUMERICAL RESULTS
A number of numerical simulations are carried out to design and optimize of our proposed ChG PCF such that the GVD curve can be obtained with ANDi profile which can allow us to generate broadband coherent SC generation. First, we optimize a PCF structure considering pitch = 1.6 and a relative hole-size d/ = 0.45 for pumping at wavelengths of 1.55 μm and 2 μm separately. Figure 2(a) shows the corresponding calculated GVD curve obtained in all-normal dispersion profile. Due to having high material dispersion of ChG glass around the wavelengths of 1.55 μm and 2 μm, we do not able to obtain peak of the GVD curve vicinity to the pump wavelengths for this design. Then, we move to the next design and optimize a PCF structure for pumping at 3.1 μm which is realized in tunable Raman soliton fluoride fiber lasers with the range 2-4.3 μm [15] . To obtain peak of the GVD curve vicinity to this wavelength with a smaller value of GVD, waveguide dispersion needs to be increased by adjusting the and d of PCF. Depending on the variation Output SC spectra at pump wavelengths of (a) 1.55 μm and (b) 2 μm corresponding to the GVD curve shown in Fig. 2(a) for the PCF structure of = 1.6, d/ = 0.45. of , Fig. 2(b) shows that it is possible to obtain all-normal dispersion GVD profile for the ≤ 2 μm, while above this value the GVD curve extends into the anomalous dispersion region. It is also apparent from this figure that GVD curve slightly moves left to right with the increasing of PCF pitch length.
For studying SC generation in all-normal dispersion profile, we numerically solve GNLSE Eq. (2) for single-polarization with the split-step Fourier method. Initially, a sech pulse of 50-fs duration (FWHM) at a pump wavelength of 1.55 μm was launched with peak power between 100 and 1000 W for numerical simulations. We included a wavelength independent propagation loss of 3.2 dB/cm at this wavelength. The n 2 and α 2 , which have been measured at a wavelength of 1.55 μm by Wang et al. [13] using z-scan technique, are assumed to be 7.33 × 10 −18 m 2 /W and 7.88×10 −14 m/W, respectively. Using FEM solver, we calculate A eff = 3.43 μm 2 which yields γ = 8.66 /W/m at a wavelength of 1.55 μm. Since this A eff is smaller than the mode effective area of typical single mode fiber, so the coupling loss can be higher. Tapered spot-size converter can be used to reduce the loss. The GVD parameter is calculated as −444 ps/nm/km at this wavelength. Figure 3(a) shows the predicted SC spectra for a ChG PCF optimized for a = 1.6 μm and a relative hole size ratio d/ = 0.45. A broadband flat SC spectrum covering the wavelength from 1350 to 1850 nm with a bandwidth of 500 nm wide can be obtained with a peak power of 500 W. Bandwidth can be enhanced up to 700 nm spanning the spectrum up to 2000 nm by increasing peak power at a level of 1 kW. In this case, relatively the large value of GVD parameter at pump wavelength limits the spectral broadening significantly. On the other hand, the lower dispersion slope at long wavelength leads to increased spectral asymmetry between the short and long wavelength components.
To enhance the spectral symmetry, we shift the pump at a lower dispersion slope with a wavelength of 2 μm for the same PCF geometry where GVD parameter measured at a value of −138 ps/nm/km as shown in Fig. 2(a) . Employing FEM solver, we evaluate A eff = 3.65 μm 2 which results γ = 6.3 /W/m at this wavelength. Figure 3(b) shows broadband coherent SC spectra after carrying out simulations pumping at 2 μm with peak power range 0.1-1 kW. The spectra has SPM dominated and the bandwidth achieved in this case are 700 nm and 1250 nm covering the wavelength ranges 1650-2750 nm and Output SC spectra corresponding to the GVD curve obtained in Fig. 2(b) (dotted red curve) for the PCF structure of = 2, d/ = 0.4 at a pump wavelength of 3.1 μm with a peak power in the range 1-5 kW. 1600-3500 nm at peak power levels of 0.5 kW and 1 kW, respectively. Since the GVD curve still having asymmetric around the pump wavelength, it leads to maintain spectral asymmetry over the entire SC bandwidth achieved at the PCF output.
To further extend the SC spectra in the MIR with increasing the spectral symmetry, we optimize a next PCF geometry with = 2, d/ = 0.4 for pumping at 3.1 μm. The α of the ChG material at a pump wavelength is assumed to be 0.5 dB/cm though the loss may be negligible in short waveguide design. The value of n 2 makes half at 3.1 μm from its earlier value mentioned at 1.55 μm. We evaluate A eff = 7.07 μm 2 at a pump wavelength to calculate γ = 1.05/W/m as Heidt et al. [8] suggested constant γ achieves a better fit than A eff dependent n 2 . The GVD parameter D = −3.92 ps/nm/km measured at this wavelength (dotted red curve in Fig. 2b ). Figure 4 shows the obtained broadband coherent SC spectra after launching a sech pulse of 100-fs duration with peak power in the range 1-5 kW. A broadband coherent SC spectrum can be spanned up to 4.4 μm and 5.4 μm with a peak power of 1 kW and 3 kW, respectively. Further spectral broadening can be obtained up to 6 μm if we raise the peak power level at 5 kW. Since the nonlinearity falls in longer pump wavelength owing to larger mode effective area, so the input pump power has been increased with pump wavelength to achieve sufficient MIR SC extension at the PCF output. In this case, significant improvement in spectral symmetry can be observed between both sides of the pump wavelength than earlier designs.
To obtain the SC spectrum with reduced fluctuation, we optimize another geometry containing = 1.9 and d/ = 0.4 for pumping at the same wavelength keeping all other parameters same as before. We calculate A eff = 6.58 μm 2 at a pump wavelength which yields γ = 1.13 /W/m. The GVD calculated at this wavelength is −7.40 ps/nm/km. Figure 5(a) shows the broadband coherent SC spectrum spanned up to 5.5 μm and its corresponding spectral density, spectrogram and coherence are shown in Figs. 5(b)-5(d), respectively. It is apparent from Fig. 5(a) that spectral flatness can be increased by decreasing from 2 μm to 1.9 μm. In this case, somewhat bandwidth reduction observed due to having higher GVD value at the pump wavelength. However, in the case of both PCF structures optimized with of 1.9 μm and 2 μm, spectral uniformity remains unchanged over the entire SC bandwidth in-spite of each having different GVD value at pump wavelength. The spectral broadening mechanism in all-normal dispersion can be described from the SC evolution shown in Figs. 5(b)-5(c). At the beginning, pump pulse is broadened due to the SPM around the pump wavelength symmetrically. Then, as can be seen in Fig. 5(b) the effect of OWB starts to be apparent after 3.6 mm of propagation inducing two side lobs generating new frequencies on the both side of the pump wavelength. The new frequencies on side lobs rapidly gain intensity by depleting energy from SPM induced peaks resulting the spectral recoiling which may seem to limit the obtainable SC bandwidth. However, owing to merging the side lobs spectral components with the SPM induced peaks eventually enhance the total obtainable bandwidth at the PCF output.
The coherence properties of our proposed geometries can be tested by using the coherence measurement procedure described in [2] and [4] . Figure 5(d) , which is entirely coherent over the whole SC bandwidth obtained at the PCF output, illustrates the modulus of the complex 1st degree of coherence calculated using ensemble average of twenty pairs of independent SC spectra with different noise seeds for the PCF structure of = 1.9 μm, d/ = 0.4.
IV. CONCLUSION
In this letter, we have demonstrated numerically a 1-cm-long dispersion-engineered chalcogenide conventional hexagonal PCF which allow us to generate broadband coherent MIR SC spectra in all-normal dispersion regime. Detail approach to achieve broadband ultraflat coherent SC generation in the absence of solitonic fission inside the optical waveguide has been demonstrated. By optimizing ChG PCF for pumping at three different wavelengths such as 1.55 μm, 2 μm and 3.1 μm, broadband ultraflat SC can be generated from near-IR to MIR region. For pumping at wavelengths of 1.55 and 2 μm, we optimize a PCF by varying its structural parameters and it is possible to obtain SC bandwidth of 700 nm and 1250 nm at peak power of 1 kW by this design. In both cases, the output bandwidth is limited due to large normal dispersion at the pump wavelength. Moreover, low GVD value after the peak of the GVD curve leads to decreased spectral symmetry in both sides of the pump wavelengths.
To increase spectral symmetry with further extending the SC into the MIR, we optimize two more PCF geometries by adjusting their structural parameters for pumping at 3.1 μm. A broadband ultraflat MIR SC can be realized up to 6 μm with a largest peak power of 5 kW by the 1st geometry. On the other hand, by optimizing a 2nd PCF with having relatively a higher GVD, a broadband coherent MIR SC can be predicted up to 5.5 μm at the same power level with increased spectral flatness than earlier design. In both cases, nearly symmetric spectra realized over the entire SC bandwidth at the PCF output.
